Abstract. MicroRNAs (miRNAs) are pivotal regulators of the progression of carcinogenesis and negatively regulate the expression of tumour-associated genes. Downregulation of miR-124 expression has been demonstrated in various human cancer tissues, wherein miR-124 serves as a tumour suppressor by targeting oncogenes. However, its function and underlying mechanism of action remain unclear in breast cancer. In the present study, the tissue-specific expression of miR-124 was detected in 10 paired triple-negative breast cancer and normal tissues, and its inhibitory effects on cell growth and invasion were evaluated in vitro and in vivo. Bioinformatics analysis identified signal transducer and activator of transcription 3 (STAT3), a well-known oncogene in breast cancer, as the potential target. Upregulation of miR-124 expression decreased STAT3 mRNA and protein levels in breast cancer cells and the relative luciferase activity. Rescue experiments revealed that the transfection of a STAT3 expression plasmid reversed the inhibitory effect of miR-124 on the proliferation and invasion of MDA-MB-468 cells. These data demonstrate that miR-124 serves vital roles in the suppression of triple-negative breast cancer via inhibition of cell proliferation and invasion through STAT3. These results highlight the potential role of miR-124 as a diagnostic or therapeutic target in patients with breast cancer.
Introduction
Breast cancer is the most common cancer in females worldwide (1) . Understanding of the mechanism underlying tumour progression and the identification of novel therapeutic methods are required to improve the prognosis of patients with breast cancer. In previous decades, studies have primarily focused on alterations in mRNA expression in cancer cells; however, recent studies have suggested the important roles for non-coding RNAs in the regulation of cell proliferation, apoptosis, chemo-resistance and migration in cancer (2) (3) (4) (5) .
MicroRNAs (miRNAs/miRs) are non-coding endogenous RNAs measuring ~22 nucleotides long. miRNAs bind to the partially complementary sequences in the 3'-untranslated region (3'-UTR) of the target mRNAs and stimulate mRNA degradation or translation inhibition (6, 7) . Aberrant expression of multiple miRNAs has been identified in breast cancer, and their expression levels were associated with the extent of invasion or proliferation of cancer cells (8) (9) (10) . Subsequent exploration into the role of the tumour-associated miRNAs in breast cancer may allow identification of novel therapeutic targets to improve clinical outcomes. miR-124 is significantly downregulated in various types of cancer, including colorectal cancer (CRC) (11) , non-small cell lung cancer (12) , and nasopharyngeal carcinoma (NPC) (13) . It serves as a tumour suppressor gene and affects apoptosis, proliferation and invasion of cells. The expression of miR-124 was downregulated in CRC tissues and its upregulated expression may suppress tumour progression and decrease the drug sensitivity of CRC cells through the negative regulation of the expression of DNA methyltransferase (DNMT) 3 beta and DNMT1 (11) . Decreased expression of miR-124 was also observed in NPC tissues, wherein it contributed to the initiation and development of NPC by targeting forkhead box Q1, which is involved in tumour proliferation and migration (13) . Downregulation of miR-124 expression has also been demonstrated in human breast cancer tissues (14, 15) . miR-124 serves a vital role in the modulation of proliferation and invasion of breast cancer cells through the downregulation of the oncogene Cbl proto-oncogene (16) . In addition, miR-124 mediated the oncogenic effects of metastasis-associated lung adenocarcinoma transcript 1 in breast cancer by directly interacting with the cyclin-dependent kinase 4/E2F transcription factor 1 signalling pathway (17) . Therefore, miR-124 is an attractive candidate as a therapeutic target in breast cancer. However, the effects and underlying mechanisms of this miRNA in breast cancer are incompletely characterized. The present study aimed to clarify the functions of miR-124 in breast cancer cells and to examine its effects on the viability, proliferation and invasion of breast cancer cell lines. Furthermore, these data were validated by performing in vivo studies. Bioinformatics software was used to predict the potential targets of miR-124 in breast cancer cells. According to the results, signal transducer and activator of transcription 3 (STAT3) was identified as the target. STAT3 is a key cytoplasmic transcription factor involved in cell proliferation and invasion and serves as an oncogenic gene in breast cancer (18) (19) (20) . STAT3 may bind to the promoter of the tumour protein p53 (p53) gene and inhibit its expression, resulting in the inhibition of p53-mediated apoptosis of cancer cells. In addition, miR-17-5p may suppress the chemotherapy-induced apoptosis of breast cancer cells through the deactivation of STAT3 (18) . Liu et al (20) demonstrated that STAT3 may enhance the transcription and expression of mitogen-activated protein kinase kinase 5 to promote epithelial-mesenchymal transition (EMT) in breast cancer cells. Previous data have suggested that STAT3 is upregulated in breast cancer tissues, and the small-interfering RNA (siRNA) and miRNA-mediated inhibition of STAT3 expression resulted in suppression of the invasion of breast cancer cells (19, 21, 22) . The present study evaluated if miR-124 exerted its anti-proliferation and anti-invasion effects by targeting STAT3. The results indicated that miR-124 targeted STAT3 to decrease the growth rate and invasiveness of breast cancer cells in vitro and in vivo.
MicroRNA

Patients and methods
Human tissues samples. Human breast tissue samples were obtained at the Central Hospital of Wuhan (Wuhan, China) from September 2014 to November 2015. A total of 10 patients (42-57 years old) with triple negative breast cancer were included in the study. Cancer tissues and matched normal breast tissues were collected. All patients from whom samples were collected were treatment-naïve prior to surgical resection. The study protocol followed the Declaration of Helsinki, and all patients provided written informed consent. All protocols and procedures were approved by the Ethics Committee of the Central Hospital of Wuhan.
Cell culture. The human breast cancer cell lines MDA-MB-468 and MDA-MB-231 were obtained from the American Type Culture Collection (Manassas, VA, USA). MDA-MB-468 cells were routinely cultured at 37˚C in a 5% CO 2 environment with L15, 10% foetal bovine serum (FBS), 100 U/ml penicillin and streptomycin (all Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA). MDA-MB-231 cells were cultured without CO 2 in complete L15 medium (Gibco; Thermo Fisher Scientific, Inc), according to the protocol of the manufacturer.
Transfection. miRNA-124 mimics (miR-124), miRNA-124 inhibitor (inh-124), STAT3 overexpression plasmid [pcDNA3.0-STAT3 (plasmid-STAT3)] and corresponding negative controls [miR-NC, inh-NC and pcDNA3.0-empty vector (plasmid-NC)] were designed and purchased from Guangzhou RiboBio Co., Ltd. (Guangzhou, China). The sequences of miR-124, miR-NC, inh-124 and inh-NC were 5'-CCG UAA GUG GCG CAC GGA AU-3', 5-UUC UCC GAA CGU GUC ACG UTT-3', 5'-GGC AUU CAC CGC GUG CCU UA-3' and 5'-CAG UAC UUU UGU GUA GUA CAA-3', respectively. The sense and antisense of si-STAT3 were 5'-CAU CUG CCU AGA UCG GCU A-3' and 5'-UAG CCG AUC UAG GCA GAU G-3'; the sequences for negative control (si-NC) were 5'-UUC UCC GAA CGU GUC ACG UTT-3' and 5'-ACG UGA CAC GUU CGG AGA ATT-3'. Based on these sequences, lentiviral vectors (pHelper 2.0) with siRNA targeting human STAT3 (LV-si-STAT3), LV-miR-124, and corresponding controls (LV-si-NC/LV-miR-NC) were purchased from Shanghai GeneChem Co., Ltd. (Shanghai, China). A total of 5x10 4 cells were seeded in 12-well plates and incubated overnight at 37˚C in Opti-MEM medium (Gibco; Thermo Fisher Scientific, Inc.), followed by RNA/DNA transfection using Lipofectamine ® 2000 (Invitrogen; Thermo Fisher Scientific, Inc.). The final concentrations of miR-124/miR-NC and inh-124/inh-NC were 50 and 100 nM, respectively. Cells were transfected with plasmid-STAT3 at a concentration of 1.6 µg/well in a 12-well plate. For lentiviral transfection, the concentration was set as 1x10 8 transducing units/ml in 6-well plates. Western blot analysis and reverse transcription quantitative polymerase chain reaction (RT-qPCR) assays were performed, as described subsequently, to evaluate the transfection efficiency 48 h following transfection. For lentiviral infection, the cells were cultured at 37˚C in Enhanced Infection Solution and Polybrene (both Shanghai GeneChem Co., Ltd.) for 5 h, and then this mixture was replaced with complete medium.
Total RNA isolation and RT-qPCR. According to the manufacturer's protocol, TRIzol ® (Takara Bio, Inc., Otsu, Japan) was used to extract total RNA from breast cancer cells 48 h after treatment. mRNAs and miRNAs were reverse transcribed according to the suppliers' protocols using PrimeScript ® RT Master Mix Perfect Real Time and One Step PrimeScript ® microRNA cDNA Synthesis kits (both Takara Bio, Inc.), respectively. SYBR Premix Ex Taq II (Takara Bio, Inc.) was used for qPCR analysis. The qPCR conditions were as follows: 95˚C for 30 sec, followed by 40 cycles of 95˚C for 5 sec and 60˚C for 30 sec. The 2 -ΔΔCq method was used to quantify expression (23) . The expression levels of mRNAs and miRNAs were normalized to β-actin and U6, respectively, and all reactions were performed in triplicate. The primers for the RT-qPCR were: miR-124 forward, 5'-TAA GGC ACG CGG TGA ATG CC-3' and reverse, 5'-GAT TGA ATC GAG CAC CAG TTA'-3; U6 forward, 5'-GCT TCG GCA GCA CAT ATA CTA AAA T-3' and reverse, 5'-CGC TTC ACG AAT TTG CGT GTC AT-3'; STAT3 forward, 5'-TGT GCG TAT GGG AAC ACC TA-3' and reverse, 5'-AGA AGG TCG TCT CCC CCT TA-3'; β-actin forward, 5'-CTT TCT ACA ATG AGC TGC GTG-3' and reverse, 5'-TCA TGA GGT AGT CTG TCA GG-3'.
Western blot analysis. Transfected cells were washed with PBS three times prior to protein collection. Protein lysis buffer was obtained from Cell Signaling Technology, Inc. (Danvers, MA, USA), and a bicinchoninic acid assay was performed to measure the concentration of protein. Protein samples (30 µg/lane) were separated via 10% SDS-PAGE and transferred to polyvinylidene difluoride membranes. Then, the membranes were blocked in 5% skimmed milk dissolved in TBS-0.1% Tween-20 for 2 h at room temperature and further incubated at 4˚C overnight with the primary antibodies rabbit anti-STAT3 (1:1,000; cat. no. 12640) and mouse anti-β-actin (1:1,000; cat. no. 3700; both Cell Signaling Technology, Inc.). Following washing, the membranes were incubated with horseradish peroxidase-conjugated anti-rabbit and anti-mouse secondary antibodies (1:3,000; cat. nos. 7074 and 7076; Cell Signaling Technology, Inc.) at room temperature for 2 h. Bands were visualized and quantified using enhanced chemiluminescent substrate reagents (Thermo Fisher Scientific, Inc.) and Image Lab version 4.1 software (Bio-Rad Laboratories, Inc., Hercules, CA, USA), respectively.
MTT assay. An MTT assay was conducted to measure the viability of cancer cells. Cells were seeded at a density of 3x10 3 cells per well for a 12-well plate. Every group contained at least 6 wells. Cells were then cultured overnight and transfected as aforementioned with mimics (50 nM)/inhibitor (100 nM) and corresponding negative controls, respectively. Cells were cultured for 2 days prior to the MTT assay to determine the effects of treatment on cell viability. Cells were incubated with MTT (5 mg/ml) at 37˚C for 4 h, and then 150 µl dimethyl sulfoxide was added. The crystals were dissolved, and the absorbance was measured using a spectrophotometer at 570 nm. For measuring cell viability following transfection with lentiviruses, stably-transfected cells were plated in 5 plates and MTT assays were conducted to detect the relative absorbance every day; growth curves were calculated following 5 days of observation. All procedures were repeated 3 times.
Cell invasion assay. Invasion assays in the present study were performed in triplicate using Transwell chambers with 8 µm pore size (Costar; Corning Incorporated, Corning, NY, USA), which were coated with 1:10 diluted Matrigel (BD Biosciences, San Jose, CA, USA) for 4 h at 37˚C. A total of ~5x10 4 cells were plated in 200 µl of serum-free L15 medium in the upper chamber. Then, 700 µl L15 medium containing 30% FBS was placed in the lower chambers. Following incubation for 48 h at 37˚C, the cells on the top were removed, and cells on the lower surface were stained at 37˚C for 15 min with 0.1% crystal violet solution and counted in 10 microscopic fields using a light microscope (magnification, x400).
Dual-luciferase reporter assay. Putative binding sequences of miR-124 and STAT3 mRNA were predicted using PITA version 6 bioinformatics (24). Wild type (WT) or mutant (MUT) dual luciferase reporter plasmids (pmiR-RB-Report™) were designed to contain the original binding sequence of STAT3 mRNA or a non-functional MUT sequence (Guangzhou RiboBio Co., Ltd.). A total of 5x10 3 cells/well were plated in a 96-well plate and then co-transfected with luciferase reporter plasmids and miR-124 or miR-NC using Lipofectamine 2000. Then, 2 days post-transfection, a Dual-Luciferase Reporter Assay System (Promega Corporation, Madison, WI, USA) was applied to quantify the luciferase activity. For data analysis, firefly luciferase activity was normalized to the corresponding Renilla luciferase activity. All experiments were performed 3 times with 5 duplicates.
Nude mouse models. A total of 20 male BALB/c nude mice (3 weeks old) were purchased from Beijing HFK Bioscience Co., Ltd. (Beijing, China) and housed in a room with controlled temperature (26-28˚C) and humidity (40-60%), and access to food and water ad libitum under a 10:14-h light:dark cycle. Animals were randomly assigned into the following four groups (n=5/group): LV-miR-124; LV-miR-NC; LV-si-STAT3; and LV-si-NC. A total of 5x10 6 stably transfected MDA-MB-468 cells were diluted in 200 µl PBS and injected subcutaneously into the right back side of mice. Mice were sacrificed after 3 weeks and tumour sizes were measured. All protocols and procedures were approved by the Animal Care and Use Committee of the Central Hospital of Wuhan.
Statistical analysis. Statistical analysis was conducted using GraphPad Prism version 6.05 (GraphPad Software, Inc., La Jolla, CA, USA). Results are expressed as the mean ± standard deviation of at least three independent experiments. Comparisons were performed using unpaired Student's t-tests, and one-way and two-way analyses of variance followed by a Student-Newman-Keuls post hoc test. The correlation between the expression of miR-124 and STAT3 was analyzed by Spearman's correlation analysis. P<0.05 was considered to indicate a statistically significant difference.
Results
miR-124 inhibits the viability and invasion of breast cancer cells in vitro.
The downregulation of miR-124 expression in 10 breast cancer tissues and paired normal breast tissues was confirmed by RT-qPCR (Fig. 1A) . To evaluate the effects of miR-124 expression on breast cancer cells, MDA-MB-468 and MDA-MB-231 cell lines were transfected with miR-124 (Fig. 1B) , and it was identified that the restoration of miR-124 expression suppressed the viability (Fig. 1C) and negatively affected the invasive capacity of these breast cancer cell lines (Fig. 1D) . Conversely, downregulation of expression with inh-124 ( Fig. 2A) resulted in an increase in cell viability and invasion ( Fig. 2B and C) . Therefore, miR-124 expression was downregulated in human breast cancer cells and its upregulation prohibited cancer cell invasion in MDA-MB-468 and MDA-MB-231 cells.
STAT3 may serve as the potential target of miR-124 in breast
cancer. Bioinformatic studies suggested that STAT3 mRNA may be a target of miR-124; the potential binding area is presented in Fig. 3A . The software prediction was validated by examining the association between miR-124 and STAT3 in 10 pairs of human breast tissues. As demonstrated in Fig. 3B and C, STAT3 was overexpressed in breast cancer tissues, and its expression exhibited a negative correlation with miR-124 expression (r 2 =0.37; P=0.01). Therefore, STAT3 may serve as a potential target of miR-124 in breast cancer cell lines; however, additional in vitro studies are warranted to confirm this hypothesis.
miR-124 negatively regulates the expression of STAT3 via direct interaction in breast cancer.
RT-qPCR and western blot analyses were performed to demonstrate that STAT3 expression was highly downregulated in miR-124-transfected cells. By contrast, inh-124 treatment upregulated STAT3 expression (Fig. 4A and B) . Therefore, we hypothesised that miR-124 inhibited cell invasion by regulating the expression of the STAT3 oncogene in breast cancer cells. A dual-luciferase assay was performed to determine whether miR-124 directly interacted with STAT3 mRNA. Dual-luciferase vectors with the STAT3 3'-UTR sequence containing the potential miR-124 response element (WT) or a MUT sequence were co-transfected with miR-124 into MDA-MB-468 cells. miR-124 significantly decreased the firefly luciferase activity of the WT reporter but not the MUT reporter (Fig. 4C) . These data indicated that miR-124 may downregulate the expression of STAT3 by binding to its 3'-UTR sequence and modulating the malignant behaviour of breast cancer cells.
Restoration of STAT3 expression rescues the miR-124-induced suppression of MDA-MB-468 cell invasion. Stable expression of miR-124 via lentiviral infection (LV-miR-124) in
MDA-MB-468 cells (Fig. 5A ) resulted in the downregulation of STAT3 expression. STAT3 levels were restored and cell viability and invasion activities were measured (Fig. 5B) . The results indicated that the suppressive effects of LV-miR-124 on cell viability and invasion were partially abrogated following STAT3 overexpression (Fig. 5C and D) .
Forced expression of miR-124 and downregulated STAT3 expression abrogates tumour formation in vivo.
To determine the functional roles of miR-124 and STAT3 on tumour proliferation, MDA-MB-468 cells were stably transfected with LV-miR-124 and LV-si-STAT3 (Fig. 6) . LV-si-STAT3 suppressed the expression of STAT3 and decreased the growth rate of MDA-MB-468 cells (Fig. 7A) . A similar result was observed in LV-miR-124-transfected cells. MDA-MB-468 cells stably transfected with LV-miR-124 or LV-si-STAT3 wee subcutaneously injected into the right flanks of mice. Mice were sacrificed 3 weeks later and images of representative tumours from each group were captured (Fig. 7B) . The sizes of tumours from mice in the LV-miR-124 and LV-si-STAT3 groups were notably decreased compared with mice from the control group. These results suggested that the overexpression of miR-124 may suppress the proliferation of MDA-MB-468 cells in vivo via the suppression of STAT3 expression.
Discussion
Cancer is a genetic disease that harbours various gene alterations and mutations (25) . Cancer cells exhibit replicative immortality and activated invasion (26) . STAT3, a member of the STAT protein family, is activated by Janus kinases in response to cytokines and growth factors. As a result, the activated STAT3 molecule translocates to the cell nucleus and functions as a transcriptional activator to modulate cell growth, apoptosis and invasion (27, 28) . Constitutive activation of STAT3 has been suggested to contribute to the carcinogenesis of human breast cancer and targeting STAT3 may serve as an effective strategy to suppress the growth and invasion of breast cancer cells (29-31). Liao et al (18) identified that the downregulation of STAT3 expression mediated by miR-17-5p resulted in an increase in chemotherapy-induced apoptosis of breast cancer cells. Furthermore, miR520c-induced degradation of STAT3 resulted in the suppression of EMT progression in breast cancer cells (19) . For these reasons, the STAT3 gene appears to be an attractive candidate for mediating the effects of miR-124 in breast cancer.
Regulation of gene expression includes a wide range of mechanisms, including DNA-RNA transcription to post-translational modifications of the proteins (32) (33) . Previous evidence has suggested that miRNAs bind to the complementary sequences within the 3'-UTR of specific target mRNAs to suppress the post-translational expression of genes either by mRNA degradation or translational inhibition (6, 7) . miRNAs have been associated with cancer through their regulatory effects on tumour-relevant genes and effects on numerous cancer-associated cellular behaviours, including cell invasion, proliferation and chemoresistance (6, 7) . Therefore, the evaluation of the regulatory effects of miRNAs is valuable for the understanding of the underlying mechanism of STAT3 overexpression in breast cancer tissues.
Prediction of the association between novel miRNAs and diseases is of clinical significance. Certain new valuable computational tools for miRNA-disease association prediction are available, including Laplacian Regularized Sparse Subspace Learning for miRNA-disease association prediction (34), Matrix decomposition and Heterogeneous Graph Interference for miRNA-disease association prediction (35) and Bipartite Network Projection for miRNA-disease association prediction (36) . These software programmes offer the advantages of high levels of efficiency and accuracy. A total of >95% of the top 50 predictions associated with various tumors are validated by conventional open databases (35) . In the present study, the bioinformatic analysis predicted a physical interaction between miR-124 and the 3'-UTR of STAT3 mRNA, suggesting that STAT3 may be a target candidate of miR-124. miR-124 expression is downregulated in numerous cancer tissues, including breast cancer (14, 15) , and ectopic expression of miR-124 resulted in the attenuation of cell growth and invasion in the present study. Together these data support the tumour-suppressive role of miR-124 in human breast cancer.
In the present study, miR-124 was transfected into the breast cancer MDA-MB-468 and MDA-MB-231 cell lines, and its effects on cancer phenotypes were evaluated. Expression of miR-124 significantly suppressed the viability, proliferation and invasion of breast cancer cells through the downregulation of STAT3 expression. Similar results were also observed in the in vivo studies, wherein the overexpression of miR-124 resulted in a decrease in tumour sizes. These data suggest that the loss of miR-124 expression results in an increase in STAT3 expression, leading to promotion of cell viability, growth rate and enhanced invasive capacity. Therefore, we hypothesise that the manual restoration of miR-124 expression may be an effective therapeutic strategy for the treatment of patients with breast cancer. In comparison with normal breast tissues, breast cancer tissues exhibited a significantly decreased expression of miR-124. 
